Abstract : Doubled haploid lines (DHLs) of rice (Oryza sativa L.) were used to examine responses to drought and rewatering in controlled rainfed lowland conditions, in order to determine whether confounding by unrelated traits would be less than has been reported previously for contrasting cultivars that differ in genetic background. IR62266 and four DHLs derived from the cross between IR62266 and CT9993 were grown in pot experiments in the greenhouse during the 2000 dry and wet seasons at IRRI, Los Baños, Philippines. There were two water regimes (well-watered and drought). Estimated water extraction obtained by time domain refl ectometry (TDR) was similar to cumulative transpiration estimated from pot weighing for each genotype. Genotypic variation was observed in root traits and water extraction, with extraction slower in DHL-32 and faster in DHL-79, especially in deeper soil layers. An upper bound relationship between water extraction from a soil layer and root length density (RLD) in that layer was readily apparent over DHLs and soil depths, suggesting a critical value of RLD for water extraction of 0.30 cm cm -3 in these conditions. Because soils in the fi eld would not be as homogenous as the puddled soils used in these greenhouse experiments, this critical RLD for water extraction from a soil layer is a reference for ideal conditions, and requires careful validation in the fi eld. Use of DHLs permitted comparisons with reduced confounding by genetic background, with consequent improvements in precision.
Rainfed lowland rice is grown in bunded fi elds, mainly is south and southeast Asia, without access to irrigation water. The area occupied by this ecosystem is 46 Mha (Huke and Huke, 1997) with an average grain yield of 2.30 t ha -1 (IRRI, 1997) . This area accounts for about 35% of the total cultivated area for rice, and supports about 700 million people. Rice accounts for more than 40% of caloric intake in tropical Asia, reaching more than 65% in many countries and for many poor people (Dawe, 2000) . Rice also accounts for 30-40% of protein consumption in Indonesia, Thailand and the Philippines, and more than 60% in Bangladesh and Myanmar. Rosegrant et al. (1995) calculated that the production of rice must be increased by 24% over current levels in order to meet growing food demands over the next 20 years. Consequently, sustainable genetic and agronomic improvements in the yield of rainfed lowland rice are required if this projected increase in productivity is to occur.
Throughout the rainfed rice ecosystem the amount and timing of water supply are considered to be the most severe constraints to productivity (Widawsky and O'Toole, 1990; Zeigler and Puckridge, 1995) , with more than 50% of the rainfed lowland being droughtprone (Garrity et al., 1986) . Even so, in some areas, high rainfall and poor drainage can raise water depths in paddies that submerge rice plants, causing severe yield loss. The rainfed lowlands are commonly low in soil fertility, and soil nutrient availability also depends on water availability. Therefore, improving the tolerance of rice to both drought and submergence is important, not only to increase yield stability, but also to improve the reliability of the response to improved crop management (Wade et al., 1998) . Against this background, research efforts have been directed to understanding the responses of rainfed lowland rice to drought in the greenhouse and in the fi eld. This is important, as progress in selection of improved cultivars has been slow, due to the complexity of the target population of environments, uncertainty about which physio-morphological traits should be of most benefi t, and large genotype by environment interactions (Cooper et al., 1999) . O'Toole (1982) emphasized the function of rootrelated traits such as water uptake and those of shoot-related traits such as maintenance of turgor or leaf water potential. Genotypic variation in water uptake may vary depending on the type of stress development, and expression of shoot-related traits may be confounded with the dynamics of plant water uptake (Fukai and Cooper, 1995) . For this reason, it is important to quantify the relationship between plant water use (e.g. transpiration, water extraction) and the expression of traits of interest (e.g. leaf water potential, osmotic adjustment, dry matter production and grain yield) in conditions representative of the target population of environments.
Based on evidence from upland rice in continuously aerobic soils, a deep and thick root system was presumed to contribute to intermittent drought avoidance in rainfed lowland rice (O'Toole, 1982; Fukai and Cooper, 1995) . However, roots of rainfed lowland rice have direct contact with soils that alternate between saturated and anaerobic, and dry and aerobic conditions. Few roots are observed in deeper soil layers in these conditions (Pantuwan et al., 1997 ; Samson et al., 2002) . A number of constraints to the development of a deep and effective root system for water uptake from deeper soil layers have been considered for rainfed lowland situations, including physical and chemical constraints, oxygen supply, rate of stress onset and root signals (Wade et al., 1998) . Consequently, it is important that conditions encountered by rainfed lowland rice in the fi eld be carefully mimicked, when experimental systems for more detailed study are designed. Diffi culty in measuring roots in fi eld experiments where site heterogeneity and associated sampling errors are large (Jongdee et al., 1997; Pantuwan et al., 1997) have forced mechanistic studies to controlled environments. A suitable experimental system that mimics conditions encountered by rainfed lowland rice in the fi eld was reported by Wade et al. (2000) .
Previous research in rainfed lowland rice has shown that rice cultivars with high seedling vigor before stress imposition and during the early drought phase produced greater root length during the following more severe drought period and had a larger green leaf biomass at the end of the drought period. In these cultivars, transpiration increased slowly and leaf area expanded rapidly, which caused superior drought recovery (Mitchell et al., 1988; . In those cultivars, a larger proportion of assimilate was partitioned to deep roots and deep root branching increased Bañoc et al., 2000a, b) . These observations were in accord with the conclusion that a quick root response to changing soil moisture and oxygen levels may be a desirable trait for rainfed lowland rice, because of frequent hydrological changes in rainfed lowland paddy (Ingram et al., 1994) . Extraction of water from deeper soil layers in drought was then correlated with average root length density in the soil layer , and the relationship persisted even with prolonged drought (Kamoshita et al., 2001 (Kamoshita et al., , 2004 . Although cultivars differed in osmotic adjustment as drought progressed, plant performance was more closely associated with maintenance of leaf water potential in stress (Jongdee et al., 2002; Kamoshita et al., 2004) . Patterns of adaptation of cultivars to different conditions within the rainfed lowlands could then be related to their trait combinations in studies of genotype by environment interactions (Wade et al., 1999) . Previously, the responses to drought and rewatering of cultivars differing widely in plant size, maturity and genetic background have been reported. Such background traits could be expected to confound the expression of traits more directly associated with improved adaptation to drought and recovery in rainfed lowland conditions. For example, diffi culty in phenotyping is recognized as the greatest challenge in correct identifi cation of quantitative trait loci in abiotic stress (Kamoshita et al., 2002a) , where both constitutive and adaptive traits are present, and each interact with both the conditions prevailing and the genetic background (Kamoshita et al., 2002b) . Consequently, the research focus is shifting to studies involving improved genetic materials such as double haploid lines (DHLs), so that traits conferring improved adaptation to drought can be studied with less confounding by genetic background, and perhaps without even the different plant sizes that alter heat load and water loss as drought progresses.
In this study, we examined responses of selected DHLs to drought and rewatering in controlled rainfed lowland conditions in the greenhouse, in order to determine whether confounding by unrelated traits would be less than in previous studies with diverse cultivars. We examined the variation in root traits, water extraction and their interrelationships, among DHLs of similar genetic background.
Materials and method

Cultural details
Two experiments were conducted in 2000 in the greenhouse at the International Rice Research Institute, Los Baños, Philippines (14°11´N, 121°15´E, 23 m altitude). A split-plot design with three replicates was used, with two water regimes (well-watered and drought) as main plots and fi ve rice genotypes as subplots.
The genotypes used were IR62266-42-6-2 (IR62266) and four DHLs: IR68586-F2-CA-51 (DHL-51), IR68586-F2-CA-54 (DHL-54), IR68586-F2-CA-79 (DHL-79) and IR68586-F2-CA-32 (DHL-32) derived from a population of 220 anther-culture derived DHLs from the cross CT9993 × IR62266 developed at the International Rice Research Institute (IRRI), Los Ba ños. These DHLs were chosen based on research by Kamoshita et al. (2002a) in the greenhouse and Babu et al. (2003) in the fi eld, where these DHLs differed in root traits and osmotic adjustment.
PVC pots with 20-cm internal diameter and 55-cm height were used as the experimental unit to control water stress development and allow measurement of secondary physio-morphological traits with less error. Twenty kg of sieved air-dried sandy loam soil, with pH 5.7, was placed in a plastic sleeve inside each PVC pot. Initially, about 17 kg of soil was put into the plastic bag inside the pot and about 6 kg of water was added. The whole soil layer was then stirred with a wooden stick until standing water remained. When the soil surface shrank, another 3 kg of air-dried soil was put into the pot, more water was added, and the soil was puddled again. From about 14 days after sowing, when the seedlings were at 4 to 5-leaf stage, 2 cm of ponded water was maintained. In the drought- Kamoshita et al. (2002b) .
rewatered treatment, pots were drained at 21 DAS, and water withheld until about 4 kg of water was lost by transpiration (see section 2.2). A ponded water depth of 2 cm was maintained throughout the experiment in the well-watered treatment, and after rewatering in the drought-rewatered treatment.
The outside of the pots was covered with aluminum foil to minimize increase in soil temperatures. The soil surface was covered with small cubic polystyrene after drainage and the tops of all the pots were covered with aluminum foil to minimize evaporation, so that any changes in pot weight could be attributed to transpiration from plants and/or watering. The distance between any two neighboring pots was more than 40 cm and the effects of mutual shading were negligible. An adequate amount of fertilizer was supplied, with 2.73 g of urea for nitrogen, 1.84 g of solophos for phosphorus, and 1.04 g of muriate potash for potassium.
Four to fi ve presoaked seeds of each of the genotypes were sown on the wet soil and thinned to one healthy seedling per pot by 10 days after sowing (DAS). The sowing dates were 28 February 2000 for experiment 1 and 24 June 2000 for experiment 2. Experiment 1 lasted 57 days while experiment 2 lasted 58 days. Green algae were removed daily from the ponded water. No disease, insect or weed damage was observed.
Measurements 2.1 Meteorological data
The minimum and maximum daily air temperatures were collected by a hygrothermograph and evaporation was measured with seven pan evaporimeters of 20-cm diameter randomly placed inside the greenhouse. The average daily minimum and maximum air temperatures during experiment 1 were 23.9 and 31.1 °C, respectively, and average evaporation was 5.0 mm d -1 . In experiment 2, the average daily minimum and maximum air temperatures were 23.9 and 30.8 °C, respectively, and average evaporation was 4.9 mm d -1 .
Transpiration and plant sampling
Daily transpiration was calculated from 21 DAS until the end of the experiments by measuring weight loss in the drought treatment and water added in the wellwatered treatment. Cumulative transpiration after 21 DAS was calculated by the sum of daily increments in each water regime.
Plants were sampled at different intervals, according to genotype (Table 1): 1. At 21 DAS, before water was withheld from drought treatments; 2. When cumulative transpiration was about 2.0 kg, between 31 and 34 DAS; 3. When cumulative transpiration was about 4.0 kg, between 40 and 48 DAS; 4. At 10 days after sample 3, that is, between 50 and 58 DAS. Different dates were chosen for each genotype on the second and third samplings to examine the genotypic differences when all of the genotypes used the same amount of water, thus minimizing the confounding effects of different potential growth in the well-watered treatment. In the fourth sampling, response of all the genotypes to the same duration of 10 days of rewatering was examined. To assess plant response during each stage of drought development and rewatering, we divided the growth periods during the experiment into:
1. Early drought period (between samples 1 and 2); 2. Late drought period (between samples 2 and 3); and 3. Rewatering period (between samples 3 and 4). Transpiration rate was calculated during each drought period. Plants in both water regimes were sampled at the same time.
Root parameters
After each sampling of above-ground plant parts, and at 3 kg of transpiration (day 36-39), the soil mass within the plastic sleeve was slowly pulled from the PVC pots and divided into layers of 0-5, 5-10, 10-20, 20-30, 30-40, and 40-50 cm from the soil surface. Roots were carefully separated from the soil on a 1-mm sieve screen. Root length was measured by the COMAIR Root Length Scanner (Hawker De Havilland Victoria Limited) and the root length density (RLD) for each soil layer was calculated. Root dry matter in each soil layer was measured, and total and deep root dry matter below the 30-cm soil layer were calculated. Root to shoot ratio was estimated from total root dry matter divided by total shoot biomass. Deep root ratio was calculated as the proportion of deep root mass to total root mass (Yoshida, 1981) .
Soil water content
In experiment 2, soil water status was monitored daily from 31 DAS till the end of the late drought p e r i o d , u s i n g a 1 5 0 2 M e t a l l i c Ti m e D o m a i n Refl ectometer (TDR; Tektronix Inc., Wilsonville, Oregon USA). Five pairs of stainless-steel waveguides were inserted horizontally into the soil from holes drilled in the sides of pots at depths of 5, 15, 25, 35, and 45 cm from the soil surface. Installation, calibration of the TDR and conversion of readings to water content followed the protocol of Kamoshita et al. (2000 Kamoshita et al. ( , 2004 . Briefl y, the waveguides were connected with the TDR unit using an extension cable and electronic wavelength was recorded daily. The dielectric constant, k, was calculated from the TDR readings according to the equation of Cassel (1992) adjusted by the constant of the machine used in this experiment: k = 4.08 (TDR reading) 2
The third order polynomial equation between the dielectric constant and volumetric soil water content (VWC) (Topp et al., 1980; Cassel 1992) The amount of soil water extraction (WE; g) at each measured depth was calculated by multiplying the difference between VWC and soil water content at fi rst measurement (0.38) by the dissected area of the pot in the following equation:
WE (g) = (0.38 − VWC) 3.14 x 10 2 1 The amount of soil water extraction (WE10) in the 10-cm layer around each measured depth (i.e., 0-10-, 10-20-, 20-30-, 30-40-and 40-50-cm layers) was calculated according to the following equation:
WE10 (g) = WE 10 This equation converted the measured TDR values to the water content of the soil mass from 5 cm above to 5 cm below each probe. The total amount of water extracted from all the soil layers was estimated by summing the WE10 at each depth.
Statistical analysis
Analysis of variance was conducted for each water regime and LSD at a probability of 5% was determined using Genstat 6 (VSN International Ltd., 2000).
Results
Prevailing environmental conditions
Meteorological data are presented in Table 2 . Differences between maximum and minimum temperature and evaporation were slight between experiments. Irradiance was higher during experiment 1 than experiment 2, especially before stress imposition at 21 DAS.
Transpiration
From the change in pot weights, transpiration rate was faster in experiment 1 than experiment 2 during the fi rst 11 days of withholding water, but increased after that in experiment 2 (Fig. 1a and  b) . Consequently, transpiration peaked earlier in experiment 1 than experiment 2, at about 4 kg water. DHL-32 had a signifi cantly lower transpiration rate, while DHLs 54 and 79 had higher transpiration rates, especially in the late drought period. Water loss for IR62266 was rapid during the fi rst 7-10 days after withholding water but fell behind DHLs 54 and 79 thereafter in experiment 1. Overall, DHL-51 and IR62266 were intermediate in transpiration rate among genotypes in experiment 2. Water extraction as estimated from the TDR was closely related to cumulative transpiration by pot weighing, for the period from 31 to 42 DAS in experiment 2 (Fig. 1c) .
Root dry weight
There were more roots in well-watered than drought treatment pots (Fig. 2) , especially in shallow soil layers.
In well-watered, few roots were present in deeper soil layers until after about day 40. DHL-32 generally had less root dry weight than the other lines in well-watered treatments. The late increase in deep root dry weight was not consistent among the other 4 lines.
By the end of the drought/rewatering period (Fig.  2) , DHLs 79, 51 and 54 generally had more root dry mass than DHL-32 and IR62266. In drought, DHL-79 generally had a higher root dry mass than other lines, especially in deeper layers in experiment 2. Likewise in experiment 1, root mass increased after rewatering in DHL-79 in both soil layers, relative to other lines. After rewatering in experiment 2, deep root mass only increased in DHL-32.
Soil water extraction during drought
The TDRs failed prior to 31 DAS in experiment 2, so data on water extraction by soil layer are only available thereafter. Consequently, no TDR data are available for the fi rst 10 days after drainage (21-31 DAS), when about 1 kg of water was lost from the pots in experiment 2 (Fig. 1c) .
The progress of soil water extraction in each soil layer from 31 to 42 DAS in Experiment 2 is shown in Fig. 3 . Soil water content dropped below 0.38 at day 31 in the surface layer, but not until day 38 at 45 cm depth. Extraction was earlier and faster near the soil surface than in deeper soil layers. By day 42, most available water had been removed by DHL-51 in the surface layer, where soil water content plateaued at 0.23 from day 40. More water was extracted from surface than deeper layers, and some available water remained in deeper layers at day 42.
Lines differed in their commencement, rate and extent of water extraction in the various soil layers (Fig. 3) . The progress of water extraction in DHL-32 was slower and less complete than other lines at each 
Root length density and rate of water extraction
Root length density was higher in the surface layers than deeper in the soil profi le (Fig. 4) . RLDs of greater than 0.25 extracted similar amounts of soil water from shallower soil layers over cultivars, with slightly less water removed from 0-10 cm than 10-20 cm and 20-30 cm layers. The only exception was for DHL-32 in 20-30 cm, where extraction was reduced with a lower RLD. In the deeper soil layers, extraction tended to be linearly related to RLD at 30-40 and 40-50 cm, with a greater RLD associated with greater extraction of soil water. In drought, RLDs were greater for DHL-79 and DHL-54, and less for DHL-32. IR62266 had a high RLD near the soil surface, while DHL-79 had a greater RLD at depth.
The overall relationship between RLD and rate of water extraction is explored in Fig. 5 , where data in four soil layers from Kamoshita et al. (2000) are shown in (a), and in fi ve soil layers from Fig. 4 of this manuscript are shown in (b). In general, extraction increased with RLD up to a maximum of about 0.08 m 3 m -3 change in soil volumetric water content. When data from shallow layers were excluded (5-25 cm in Fig. 5a and 0-10 cm in Fig. 5b) , an upper bound relationship between water extraction and root length density was apparent, especially in Fig. 5b . Maximum rates of extraction were attained at RLDs greater than 0.30 cm cm -3 (Fig. 5b) .
Root parameters
In well-watered conditions, DHL-51 had a higher root growth rate, while IR62266 had a higher specifi c root length, and DHL-79 a higher root to shoot ratio (Table 3) . But in drought, DHL-79 had the greatest root growth rate, while other traits were less consistent across experiments in drought. The exception was the high specifi c root length of IR62266, which was observed in all four environments.
In experiment 1, there was reduction in root growth rate during drought (Table 3) . Likewise, root to shoot ratio and root mass per tiller also decreased under drought. Deep root mass, deep root ratio, and specifi c root length increased under drought conditions. The same pattern was observed in experiment 2, except DHL-32 had larger deep root mass during drought than well-watered. Root growth rate was consistently lowest for DHL-32 in both experiments in both wellwatered and drought conditions. DHL-51 had highest root growth rate in well-watered conditions but DHL 79 exhibited the fastest root growth under drought conditions. Patterns of response for root to shoot ratio, deep root mass, and deep root ratio varied within experiment runs. Notably, IR62266 had the highest specifi c root length in all water regimes and in both experiments.
Discussion
Transpiration and water extraction
The progress of transpirational water loss was slower in the second experiment (Fig. 1) , due to lower irradiance (Table 2 ). There was signifi cant variation among DHLs in the progress of water loss (Fig. 1) , which was consistent with the pattern of water extraction for the various soil layers (Fig. 3) . DHLs differed in the timing, rate and extent of water extraction from different soil layers, with DHL-32 slower and DHLs 54 and 79 faster in water extraction. These results are in accord with Kamoshita et al. (2000) , who also reported variation in water extraction among cultivars of rainfed lowland rice in the greenhouse, but for materials that differed widely in phenology, plant size and genetic background 2. Critical RLD for water extraction in the greenhouse Lilley and Fukai (1994) reported a critical RLD for water extraction in upland rice of about 1.5 cm cm -3 , a value higher than that commonly reported for other gramineous species such as wheat and sorghum (Smit et al., 2000) . Kamoshita et al. (2000) demonstrated that water extraction increased with RLD in deeper soil layers in the greenhouse, but their data were not suffi cient to identify a critical RLD for water extraction in rainfed lowland rice (Fig. 5a ). The data from this study were consistent and not confounded by genetic background, so an upper bound relationship between extraction and RLD over DHLs and soil depths was readily apparent (Fig. 5b) . This result suggests a critical value for water extraction in the greenhouse of about 0.30 cm cm -3 , which is similar to a report for irrigated rice of 0.1 cm cm -3 (Penning de Vries et al., 1989) , but much less than the report of 1.5 cm cm -3 for upland rice (Lilley and Fukai, 1994) . It is possible, however, that the RLD decreased later in the drought period with loss of fi ne roots, which may have reduced our critical value of RLD.
Because the soil used in these experiments was carefully prepared by sieving and puddling in the pots, soil hydrology would be expected to be quite consistent, which is similar to conditions encountered in puddled fi elds in irrigated situations. Consequently, a lower critical RLD is expected here, so this report of 0.3 cm cm -3 is comparable with the report of 0.1 cm cm -3 for irrigated conditions. Our value may be slightly higher as the pots were saturated rather than fl ooded for the fi rst 14 days. In contrast, when crops are direct-seeded rather than transplanted and soils Within a column, the largest value is shown in bold, and the smallest in italics.
remain aerobic, soil disturbance is minimal, and roots encounter a less homogeneous environment. Presumably, roots must then fi nd a passage between aggregates, so soil structural heterogeneity and the presence of root channels and biopores become more important (Passioura, 2002) . Consequently, reports of critical values of root length density in the fi eld tend to be larger, with values in excess of 1.5 or 1.6 seeming necessary in deeper layers (Pantuwan et al., 1997) , especially if a hardpan is present (Samson et al., 2002) . Nevertheless, quality data on water extraction by rainfed lowland rice in the fi eld are scarce, and no reports specifi cally explore critical root length densities for water extraction in the fi eld. Further research is needed in the fi eld.
Root parameters for greater resource capture
The greater water extraction by DHL-79 in deeper soil layers (Fig. 3 ) was associated with a greater root dry weight (Fig. 2) , a greater root length density (Fig.  3) , and a higher root growth rate below 30 cm (Table  3 ). The greater specifi c root length of IR62266 (Table  3) was of limited benefi t for water extraction, though may be helpful for capture of immobile nutrients such as soil P. These results suggest that in uniform soil conditions in the greenhouse, attaining the critical root length density of 0.30 cm cm -3 in the various soil layers is the key parameter for water extraction. The relationship would be more complex in the fi eld, and this conclusion requires fi eld validation.
Completeness of water extraction and resources
Despite the withholding of water for almost 36 days, by which time transpiration had peaked, especially in experiment 1 (Fig. 1) , not all of the plant available water had been extracted, particularly in deeper soil layers (Fig. 3) . While DHL-79, DHL-54 and DHL-51 continued to extract some water at 35 and 45 cm soil depths, substantial water remained between the apparent lower limit of plant available water content of 0.23 (Fig. 3a) and 0.33 (Fig. 3e) . Had the drought been further extended and evaporative demand continued, the plants would eventually have taken up that water as well, as Kamoshita et al. (2004) demonstrated in prolonged drought.
Conclusions
We obtained a critical root length density for water extraction of 0.30 cm cm -3 in puddled soil conditions, which was similar to the 0.1 cm cm -3 reported for irrigated rice (Penning de Vries, 1989) . Both values are much lower than those reported for upland rice (Lilley and Fukai, 1994) or rainfed lowland rice (Pantuwan et al., 1997; Samson et al., 2002) in the fi eld. A higher critical value is expected in nonpuddled soils in the fi eld, especially when root channels and biopores are important, and this requires fi eld validation. The use of DHLs provided a more robust basis for detailed physiological analysis and identifi cation of traits conferring an advantage during drought and after rewatering, because of reduced confounding effects by genetic background.
